Solid supported phospholipid bilayers (SPB) formed by fusion of small unilamellar vesicles on glass, quartz and mica surfaces constitute an attractive model for studying lipid membrane properties and functions. Therefore, it is crucial to understand the mechanisms of SPB formation under different experimental conditions. In situ atomic force microscopy imaging can reveal the details of this process.
Introduction
Lipids are crucial components of biological membranes, which play an important role in many processes such as ion and protein transport, membrane fusion or cell signaling. Particular properties of lipid membranes depend on their composition and the distribution of the components within the assembly. Therefore the knowledge about the molecular structure, permeability, hydration and thickness of the lipid films is crucial for understanding their functional role. Since the biological systems are quite complex, simple biomimetic models involving lipid monolayers and bilayers supported on solid substrates are often used for the examination of membrane properties.
The adsorption and fusion of small unilamellar vesicles (SUVs) is one of the most convenient methods for preparation of solid supported phospholipid bilayers (SPBs). Spreading of SUVs on solid supports may be affected by numerous factors including structure of the lipids forming the vesicles, their size, surface charge, pH and ionic strength of the solution, presence of bivalent cations, osmotic pressure and the nature of the solid surface. Formation of SPB involves several steps [1] .
Initially, SUVs adsorb from the solution onto the solid surface. Then the vesicles may either fuse forming larger assemblies or remain intact.
Further, rupture of vesicles occurs and the planar bilayer is spread on the substrate. Numerous techniques can be used to monitor this process. However, the most direct way to visualize bilayer formation is the use of atomic force microscopy (AFM), which is known to be an excellent tool enabling nanoscale imaging of molecular films immobilized on solid substrates. Earlier AFM observations of lipid bilayer formation suggested that certain critical size of the SUVs has to be reached before they rupture and spread on mica [3] .
Results
However, later reports pointed out the importance of vesicular coverage and cooperative effects between neighboring liposomes [4] . Vesicle rupture induced by active edges of bilayer patches may also enhance growth of the planar film. Indeed, DPPC vesicles exhibit quite weak dependence of the rupture tendency on the vesicle size, at least over the range of 40-100 nm. This is demonstrated in figure 3 , which shows AFM images recorded within 5 minutes one after another. The events related to fusion and rupture of the vesicles can be observed there. Red arrows indicate SUVs which are absent on subsequent image, which means they ruptured before second scan was completed. It is apparent that ruptured vesicles are of different size ranging from 50 up to 100 nm.
This observation suggests that the diameter of the SUV is not a critical factor determining tendency of the vesicle to burst. AFM image shown in figure 3B shows the SUV fusion and formation of larger vesicles. White arrows indicate the vesicles created by fusion of two or three SUVs. The width of the created assemblies is at least 100 nm. Although the size of the vesicles is quite large, they are quite stable within the time-scale of single scan. Thus the AFM images shown in figure 3 illustrate two parallel pathways of the bilayer formation, these are direct rupture of single SUVs and fusion and further spreading of larger vesicles.
As can be seen in figure 4 , spreading of DPPC vesicles results in uniform film, however, some defects can be distinguished. Cross sectional profile taken across the defect site shows clearly that the bilayer is perforated. The observed height differences are within the range of 4.5-5.0 nm, which corresponds to full bilayer thickness. Moreover, the boundaries between lipid domains can also be distinguished, indicating that the coalescence between the bilayer patches is incomplete.
Conclusion
Direct visualization of fusion, rupture and spreading of SUVs with nanometer resolution allows verification of the mechanisms of SPB formation. Use of intermittent contact AFM is particularly beneficial since the images are acquired at relatively non-destructive conditions. Moreover, the imaging can be performed in situ. Nanoscale imaging under such conditions enables distinguishing between different pathways of bilayer formation, i.e. spontaneous rupture of single vesicles, fusion and further rupture of larger assemblies as well as spreading induced by active edges of bilayer patches.
